In this work, we have successfully fabricated micro-and nanosized magnetic elements by using capillary force lithography, which combines the essential feature of nanoimprint lithography. The magnetic configurations and magnetization reversal mechanism in elliptical Co elements with an aspect ratio of 1.75:1 were investigated using the magneto-optical microscope magnetometer and micromagnetic simulation. The magnetization reversal mechanism was found to take place by the formation and annihilation of two vortices in both the elliptical dot and ring patterns with an external field applied along the major axis. It was also observed that the two vortices evolved with mirror symmetry and center of inversion symmetry for the case of elliptical ring and dot patterns, respectively.
Patterned magnetic nanostructures have attracted considerable attention due to their potential for device applications such as ultrahigh density magnetic recording, magnetoresistive random access memory ͑MRAM͒, and spin devices as well as due to the fundamental interest in the spin dynamics of magnetic nanostructures.
1 Therefore, tremendous efforts have been made during the last few decades to fabricate magnetic nanostructures with either a classical "top-down" approach which uses lithography or a "bottom-up" one which utilizes self-assembly methods. 1-3 Among the various fabrication techniques, capillary force lithography, which combines the essential feature of nanoimprint lithography, has been developed successfully during the last decade in the field of micro-and nanofabrication. [4] [5] [6] It has been introduced for the cost-effective regular pattern formation over a large area compared to the conventional lithographic techniques which use in writing down schemes such as e-beam lithography. Furthermore, this method could be adopted in the diverse applications of patterning, since it can be applied to an extensive range of materials such as silicon, polymers, and metallic materials. 4, 5 In this study, we have fabricated various magnetic nanostructures using the capillary force lithography, which combines the essential feature of nanoimprint lithography. We have also investigated the magnetic configurations and magnetization reversal mechanism in elliptical Co elements with an aspect ratio of 1.75:1 using the magneto-optical microscope magnetometer ͑MOMM͒ and micromagnetic simulation.
The capillary force lithography is the combined method between nanoimprint and soft lithography. In the capillary force lithography, the elastomeric polymer such as polydimethylsiloxane ͑PDMS͒ is used as a mold material instead of a Si or quartz mold, which is generally used in the nanoimprint lithography to improve conformal contact between mold and substrate. In the present study, we used a composite stamp of stiff hard-polydimethylsiloxane ͑h-PDMS͒ supported by a flexible soft PDMS as an elastomeric mold for the conformal contact of mold and substrate. The composite PDMS mold was made from a silicon imprint master as follows: First, a mixture of trimethylsiloxy-terminated vinylmethylsiloxanedimethylsiloxane copolymers, 2,4,6,8,-tetramethyl tetravinylcyclotetrasiloxane, Pt-divinyltetrametylsiloxane, trimethylsiloxy-terminated methylhydrosiloxane, and dimethylsiloxane copolymers ͑h-PDMS͒ was prepared in a plastic dish. This mixture was immediately spin coated onto a silicon master at a speed of 1000 rpm for 30 s and precured for 5 min at 70°C. Then a liquid prepolymer of PDMS ͑syl-gard A,B͒ was poured onto the h-PDMS layer. After the mixture was placed in vacuum desiccators to remove bubbles, it was thermally cured in an oven at 70°C for 3 h. Finally, we could replicate the composite stamp from the nanomaster without tearing.
In Fig. 1 , we schematically illustrate the patterning process using capillary force lithography. First, a 15 nm thick Co film was deposited on Si͑100͒ substrate by dc-magnetron sputtering under 2.0ϫ 10 −7 Torr base pressure and 5 mTorr Ar sputtering pressure. Then, polymer films were spin coated onto the Co film. We used commercial polystyrene ͑PS, molecular weight=45 730͒ as the polymer resist. As shown in set sufficiently high above the glass transition temperature ͑T g = 105°C͒ of the PS in order to ensure polymer mobility during the annealing process. In this step, if we use a low concentration of the PS solution ͑Ͻ2 wt %͒, since the polymer cannot fill the spaces between the stamp and the substrate completely, it causes a ring formation at the feature edges of the original stamp. Using this method, we could prepare ring patterns according to the concentration of the PS solution by using the same imprint stamp. After cooling to ambient temperature, the PDMS stamp was released from the PS surface and then Ar ion milling was performed to etch out the PS and Co layers as shown in Fig. 1͑c͒ . In this process, the Co layer is etched by ion milling using the PS layer as a mask, thereby forming dot or ring nanostructures according to the PS pattern shape. Finally, the residual PS was removed by sonication in toluene for 15 min. Figure 2 shows scanning electron microscope ͑SEM͒ images of various Co pattern arrays prepared by the capillary force lithography. The whole patterned area of each pattern is 5 ϫ 5 mm 2 . Figures 2͑a͒-2͑d͒ show a 1190ϫ 2080 nm 2 ellipse pattern with an aspect ratio of 1.75:1, a 580 ϫ 1600 nm 2 square pattern, an 813ϫ 1000 nm 2 chained ellipse pattern, and a 500 nm ring width elliptical ring pattern. It is worthwhile to note from Fig. 2͑d͒ , when the concentration of the PS solutions was decreased from 3 to 2 wt %, by dewetting and capillary force, that a regular ring formation was achieved by using the same imprint stamp of Fig. 2͑a͒ . In Fig. 2͑a͒ , one can find some PS residues on the elliptical dot pattern before the PS layer was completely removed.
We have investigated the magnetization reversal and magnetic configuration of the above elliptical dot and ring arrays using the MOMM and micromagnetic simulations. Micromagnetic simulations were done using the objectoriented micromagnetic framework ͑OOMMF͒ code by the National Institute of Standards and Technology ͑NIST͒. 7 Micromagnetic simulation has been carried out with a cell size of 5 ϫ 5 nm 2 , an exchange constant of 1.3ϫ 10 −11 J / m, and a damping constant of 0.5. [8] [9] [10] As a material parameter, the saturation magnetization M s of 1430 emu/ cc was measured using a vibrating-sample magnetometer. And it was observed that the continuous Co film has in-plane magnetic anisotropy with the in-plane anisotropy constant K of 5 ϫ 10 4 erg/ cc from a torque magnetometry. We also measured the variation of remanence with respect to the applied field direction for the elliptical dot sample shown in Fig. 2͑a͒ by MOMM measurements. It revealed a slight uniaxial anisotropy along the major axis of the ellipse, which could be ascribed to the magnetic shape anisotropy of the ellipse.
Figures 3͑a͒ and 3͑b͒ show MOMM and simulated hysteresis loops for the elliptical Co dot arrays with the applied field parallel to the major axis of the samples, respectively. The elliptical dot has a minor axis of 1190 nm, a major axis of 2080 nm, and a center-to-center distance of 1500 nm. Figures 3 ͑i͒-3͑iv͒ show corresponding magnetization configurations. When the external field is applied along the major axis of the ellipse, the simulation indicates reversal via the nucleation and annihilation of two vortex structures. In detail, at a positive saturation by the external field of 10 kOe, the ellipse has an in-plane single domain configuration ͓Fig. 3 ͑i͔͒. At the remanent state, as the field is reduced from the positive saturation value, two vortices start to nucleate at the edge of the major axis of the ellipse as shown in Fig. 3 ͑ii͒. With increasing external field along negative direction, two vortices nucleate in the ellipse ͑magnetic S state͒, [8] [9] [10] [11] and the magnetization value suddenly decreases due to the formation of double vortices ͓Fig. 3 ͑iii͔͒. By further increasing the field, the vortex core moves towards the dot border ͓Fig. 3 ͑iv͔͒ and finally gets annihilated.
Magnetization reversal in the Co ring pattern is a little different compared to the elliptical pattern. Figure 4 shows MOKE and simulated hysteresis loops for the elliptical Co ring arrays with the applied field parallel to the major axis of the sample. The elliptical ring has a minor axis of 1190 nm, a major axis of 2080 nm, and a ring width of 500 nm. Similar to the elliptical dot pattern, the magnetization reversal in the Co ring takes place via the nucleation and annihilation of two vortex structures. However, in the present case, the two vortices show mirror symmetry to the minor axis ͓Fig. 4͑iii͔͒ contrary to the center of inversion symmetry in the elliptical case, i.e., by increasing the external field along the negative direction, two vortices nucleate at the top left and top right of the ring with the mirror symmetry and the vortex cores move towards the dot border ͓Fig. 4͑iv͔͒ while maintaining the mirror symmetry. [12] [13] [14] In summary, we have fabricated micro-and nanosized magnetic patterns by capillary force lithography, which combines the essential feature of nanoimprint lithography. Various magnetic elements including elliptical dot, square, and elliptical ring patterns were successfully prepared by the lithography technique with a patterned area of 5 ϫ 5 mm 2 . Micromagnetic simulation and MOMM measurements for the elliptical elements revealed that the nucleation and annihilation of two vortices govern the magnetization reversal process in both the elliptical Co dot and ring patterns. 
